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ABSTRACT 

The circumgalactic medium (CGM) around galaxies is believed to record various forms of galaxy feedback 
and contain a significant portion of the "missing baryons" of individual dark matter halos. However, clear 
observational evidence for the existence of the hot CGM is still absent. We use intervening galaxies along 12 
background AGNs as tracers to search for X-ray absorption lines produced in the corresponding CGM. Stacking 
Chandra grating observations with respect to galaxy groups and different luminosities of these intervening 
galaxies, we obtain spectra with signal-to-noise ratios of 46-72 per 20-mA spectral bin at the expected O vii 
Ka line. We find no detectable absorption lines of C vi, N vii, O vii, O viii, or Ne ix. The high spectral 
quality allows us to tightly constrain upper limits to the corresponding ionic column densities (in particular 
log[A^ovii(cm"^)] < 14.2-14.8). These nondetections are inconsistent with the Local Group hypothesis of the 
X-ray absorption lines at z ~ commonly observed in the spectra of AGNs. These results indicate that the 
putative CGM in the temperature range of 10^^ - 10^'^ K may not be able to account for the missing baryons 
unless the metallicity is less than 10% solar. 

Subject headings: Cosmology: observations — intergalactic medium — quasar: absorption lines — X-rays: 
general 



1. INTRODUCTION 

Modern simulations are converging on the formation and 
evolution of the dark galactic halos as well as the large-scale 
intergalactic structure of the Universe (e .g., Navarro et al. i 
T996; Shethetal. 2001; Cen & Ostriker I [l999: Dav e et al. I 
1999;.Springel et al. ..2005.) . However, serious difficulties are 
present in reproducing the visible parts of galaxies, includ- 
ing the mass/luminosity functions at low and high masses, the 
angular momentum distribution of galactic disks, and the su- 
permassive black hole (SMBH) and bulge-mass relationship 
(e.g., Gilmore 2008; Primack 2009; Cattaneo et all I200"9l) . 
For instance, the ratio of the visible baryonic mass to the 
gravitational mass of all galaxies is 3-10 times less than the 
cosmic value (0.167 ± 0.006) inferred from the W ilkinson 
Microwave Anisotropy Probe dKomatsu et al. II2009I ; also see 
iBregman et al. 2009 and references therein); the discrepancy 
seems to be more se vere in less massive galaxies than in mor e 
massive ones (e.g.. iHoekstra et al. Il2005t iMcGaugh 1 120081) . 
This missing link between the intergalactic medium (IGM), 
dark halos, and visible galaxies is attributed largely to our 
poor understanding of the complex "gastrophysics", in par- 
ticular the coupling between gas and galaxy feedback (e.g., 
iDave & Oppenheimerll2007l) . 

Galaxy feedback comes in many forms. Starbursts 
are known to generate galactic winds, which must be 
chiefly responsible for the chemical enrichment and non- 
gravitational heating of the IGM at high redshifts (e.g., 
[Mac Low & Ferrara 199 9). Nuclear starbursts are also be- 
lieved to be intimately related to the formation and growth 
of the SMBHs, which are an additio nal source of feedback , 
especially in massi ve galaxies (e.g.. [Strickland et al. 1 120021: 
ISwartz et al. Il2006h . While the radiation pressure in a high- 
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accretion phase can be a key driving force of the winds, the 
mechanical energy injection in a radiatively inefficient accre- 
tion phase may balance the cooling of the surrounding gas. 
Feedback from stars, even from evolved ones alone (e.g.. Type 
la supernovae), can play an essential role in maintaining hot 
gaseous halos around galaxies (Tang et al. 2009a b). Cosmic- 
ray pressure can also play an important role in driving large- 
scale galactic outflows (E verett et al. ..2008.) . The relative im- 
portance of these various forms of the galaxy feedback, how- 
ever, remains very unclear. Direct observational constraints 
on the physical process and history of the galaxy feedback are 
thus badly needed. 

A potentially effective approach is to observe the circum- 
galactic medium (CGM) around nearby galaxies. On scales 
from a few tens of kpc up to ^ 1 Mpc, the CGM includes the 
gas that has been significantly affected by the galaxy feedback 
but is outside of the boundaries of the traditionally-known 
stellar and multi-phase interstellar components of such galax- 
ies. It is quite possible that the CG M around the galaxies con- 
tains their "missing" b aryons (e.g.. iDehnen & Binnev IIT998I ; 
iSommer-Larsen ||2006I) . 

Searches for the CGM have been conducted in ultravio- 
let (UV), but the association between galaxies and IGM ab- 
sorbers still remains an unsettled issue. Within impact dis- 
tances of rp < 350 kpc from the sight lines of background 
QSOs, all galaxies with L > O.IL* seem to h ave "associated" 
Lyg or other low ionized abs orbers (e.g., iChen & Tinker I 
12001 IWakker & Savage] l2009l) . However, not aU Lya ab- 
sorber s have an associated galaxy foun d within l/i"' Mpc 
(e.g., Morris etal.l 119931: IStocke et al." * 2006). These ab- 
sorbers could be either associated with faint galaxies that 
are beyond the detection limits of current galaxy surveys or 
not related to any galaxies at all (some absorbers are de - 
tected in voids; ' Chen & Mulchaev ll2009l;lStocke et al. 120071 ) 
Also, it is possible that much of the injection into the IGM 
occurred at high redshifts, and in the time that has subse- 
quently passed, substantial separations in space and velocity 
have developed between the ejected matter and the galaxies 
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from which it originated dTripp et al. Il2006h . The highly ion- 
ized absorbers, O vi absorbers in particular, may trace the 
CGM at high temperatures. Covering fraction of these ab- 
sorbers varies with respect to galaxy luminosities and the 
impact dist ances of these absorbers to their nearest galaxies 
jStocke et al. 2 006; Prqchaska et al. 2006c iGanguly etaTI 
[2008; Wakker & Savage Il200'9l) ! 

X-ray observations could provide complementary or even 
key constraints on the existence and properties of the CGM. 
The bulk of the CGM, at least for galaxies with masses 
similar to and higher than our Galaxy, is believed to be in 
a gaseous phase at temperatures of T > 10^ K and mainly 
emits and absorbs X-ray photons (e.g., iBirnborm & Dekell 
l2003h . However, because of the low density and poten- 
tially low metallicity of the CGM, its X-ray emission, ex- 
cept for that in galaxy clusters where the missing baryon 
problem becomes less severe, is expected to be hard to de- 
tect (e.g., .Hansen & Sommer-Lai'sen 2006.). and the obser- 
vational evidence is still abse nt (e.g.. lRasmussen et al. 1120091 
lAnderson & Bregmanl|201 0^. 

The high spectral resolution grating instruments aboard 
Chandra and XMM-Newton now provide us with a new 
powerful tool — X-ray absorption line spectroscopy — to 
probe the low-surface brightness diffuse hot CGM. Unlike X- 
ray emission that is sensitive to the emission measure of the 
hot gas, absorption lines produced by helium- and hydrogen- 
like ions such as O vii, O viii, and Ne ix directly probe 
their column densities, which are proportional to the mass 
of the gas and are sensitive to its thermal, chemical, and 
kinematic properties. Indeed, both the Chandra and XMM- 
Newton grating observations of bright AGNs and X-ray bi- 
naries have been used to firmly detect and characterize the 
globa l hot gas in and around the M il ky Way (e.g.,[W ang et al. 
2005; Yao & Wang 2005, 2006, "200^ iFangetal. 1120061: 
Bregman & Lloyd-Davies 2007). However, our location in 
the midst of the hot gas makes it hard to determine the pres- 
ence of the CGM around the Galaxy; our previous investiga- 
tions only yield tentative upper limits to the column densi- 
ties of the CGM beyond the hot gas-rich Galactic disk (e.g., 
lYaoetal.l l2008. 2009a). 

In this work, we search for absorption lines of C vi, N vii, 
O VII, O VIII, and Ne ix produced in the CGM of intervening 
galaxies along 12 AGN sight lines by extensively exploring 
Chandra grating observations. Because detection sensitivities 
of current high resolution X-ray instruments are still limited, 
to enhance the signal-to-noise (S/N) ratio, we stack spectra 
with respect to group membership and luminosity properties 
of intervening galaxies. This stacking techniqu e, as imple- 
mented in our previous paper (lYao et al. Il2009b^ . enables us 
to probe the absorbing gas to unprecedented low column den- 
sities. 

The paper is organized as follows. In Section |2l we dis- 
cuss the background AGNs and survey of intervening galax- 
ies, and we describe the data reduction process. We search 
for and measure the X-ray absorption lines produced in the 
CGM in Section|3] and discuss the implications of our results 
in SectionlD 

Throughout the paper, we adopt the Schechter luminosity 
function with characteristic luminosity Lg ~ 2 x 10 '^L© (or 
absolute B magnitude M^ ~ -20.5) and use the cosmology 
with Ho = 73 km s"' Mpc"', flM = 0.3, and flA = 0.7. 

2. BACKGROUND AGNS. INTERVENING GALAXIES, 
Chandra OBSERVATIONS, AND DATA REDUCTION 



TABLE 1 

Background AGNs, Chandra observations, 

AND INTERVENING GALAXIES 



Src. Name 


zagn 


No. of Obs. 


Exp. 
(ks) 


No. of gal. 


HI 82 1+643 


0.297 


5 


600 


7(5) 


3C273 


0.158 


17 


530 


47(44) 


PG 1116+215 


0.176 


1 


89 


12(11) 


PKS 2155-304 


0.117 


46 


1075 


14(13) 


Ton SI 80 


0.062 


1 


80 


3(3) 


PG 1211+143 


0.081 


3 


141 


46(45) 


Mrk 766 


0.013 


1 


90 


13(12) 


H1426+428 


0.129 


3 


184 


3(3) 


IH 0414+009 


0.287 


2 


88 


4(2) 


Mrk 509 


0.034 


1 


59 


1(1) 


IC 4329a 


0.016 


1 


60 


3(3) 


Fairall 9 


0.047 


1 


80 


1(1) 


Sub total: 




82 


3076 


154(143) 



Note. — Values in parentheses indicate numbers of in- 
tervening galaxies with reported B-magnitudes. Only these 
galaxies were used in this work. 

We selected our background AGNs and their Chan- 
dra observations using the following criteria. For all 
AGNs observed with Chandra grating instruments, we chose 
those sources without intrinsic (z w Zagn) soft X-ray emis- 
sion/absorption lines reported in the literature . We also in- 
clude d those AGNs with i ntrinsic lines (e.g.. lYaaoob et al. I 
20031: iM ason et al. 2003; iRozanska et al. 1 120041: also see 



McKernan et al. 1 12007 and references therein), but showing 
no lines with EW/AEW> 2a (EW is the equivalent width of 
a line) at wavelengths longer than 10 A in their Chandra spec- 
tra. We excluded observations with nonstandard configura- 
tions [e.g., observations that put target source outside of the 
S3 chip of the advanced CCD Imaging Spectrometer (ACIS) 
for calibration purposes] to avoid spectral resolution degra- 
dation. We did not use several short (< 10 ks) exposures 
of PKS 2155-304 that together contribute < 10% to the total 
spectral counts. Among the candidate AGNs, we only used 
those sight lines along which there are > 1 intervening galax- 
ies at projected impact distances of rp < 500 kpc. We used 500 
kpc as a test limit, which is comparable to th e size of regular 
galaxy groups (e.g., Tully 1987; H elsdon & Ponman 1 12000). 
The O VI and C iii ultraviolet absorbers are found to have a me- 
dian impact distance of 350-500 kp c and a ma ximum distance 
of 800 kpc around L* galaxies (Sto cke et an i2006). 

The information on the intervening galaxies was extracted 
from the same galaxy database as used by Stocke et al] 
(2006). This database was assembled from several galaxy 
redshift surveys and has been updated with SDSS DR7. Only 
those galaxies with repor ted B-band m a gnitu des were used, 
and the K-correction of Fukugita e t al. I (11995 ) had been ap- 
plied to obtain the absolute magnitude of these galaxies. Ta- 
ble [T] summarizes our selected AGNs, the number of Chan- 
dra grating observations and total exposure time used in this 
work, and the number of intervening galaxies along each sight 
line. Table|2]lists the intervening galaxies used in this work. 
Figure[T]shows the intervening galaxy distributions along the 
3C 273 and PG 1 1 16H-215 sight lines for demonstration. 

There are two detectors [the ACIS and the high resolution 
camera (HRC)] and two grating spectrographs [the high en- 
ergy transmission grating (HETG) and the low energy trans- 
mission grating (LETG)] aboard Chandra Q. Observations 

^ Please refer to Chandra Proposer's Observatory Guide 



The Dearth of the Warm-Hot CGM 



a 
^ 



400 


: « § 


LSO.IL*: o : 

0.1L*<LS1.0L»: o : 

L>1.0L*:O - 


300 
200 


- D^ 


: 


100 


L 


J 






(a) 



0.01 

Redshift z 



0.10 






400 





LSO.IL*: o : 

0.1L*<LS1.0L*: o : 

o L>1.0L*:O - 


300 


: O 


o 


200 


\- 


^ 






: 


100 


'r 


^ 






(b) : 



0.01 



0.10 



Redshift z 
Fig. 1. — Impact distances of intervening galaxies versus redshifts along the 3C 273 (a) and the PG 1116+215 sight lines (b). 



TABLE 2 

Intervening GALAXIES along theH1821+643 sight line 



RA (J2000) 


Dec (J2000) 


^s 


Ae 


b 


Mb 


L/L* 


(deg) 


(deg) 




(arcsec) 


(kpc) 


(mag) 




275.365 


64.203 


0.027519 


9.02 


300.9 


20.60 


0.006 


275.010 


64.315 


0.027879 


12.55 


424.1 


18.50 


0.041 


275.512 


64.361 


0.121537 


1.19 


176.0 


18.30 


1.502 


275.403 


64.357 


0.170858 


2.38 


492.3 


19.10 


1.857 


275.477 


64.335 


0.225603 


0.60 


164.8 


19.50 


2.920 


275.520 


64.348 


0.284400 


0.85 


291.8 


22.20 


0.593 



Note. — L/L* is calculated in B band. Information of intervening galaxies 
along other sight lines are available online. 



with the LETG collected the majority of the data used in this 
work. 

We followed the same procedures as described in 

IWanp e t al. " ( 2005 ) and Yao & Wang ( 2005 , 2007 ) to perform 
the Chandra data reduction. Most observations of the first 
six sour ces listed in Table [T] have been reported in lYao et al. I 
(l2009bh . and the same spectra and t he corresponding i nstru- 
mental response files as obtained bv lYao et al.l (I2009bl) were 
used here. We extracted spectra and calculated the instrumen- 
tal response files for those observations that have not been an- 
alyzed. For each sight line with multiple observations, we also 
combined spectra and corresponding response files to form a 
single coadded spectrum and response file. Figures |2] and |3] 
demonstrate the final spectra of 3C 273 and PG 1116H-215, 
and Table [3] summarizes S/N ratios of each AGN spectrum 
in 20-mA bins around the restframe wavelengths of the Ka 
transitions of Ne lx, O viii, O vii, N vii, and C vi. 

3. DATA ANALYSIS AND RESULTS 

We first search for the Ka absorption lines of Ne ix, O viii, 
O vii, N vii, and C vi produced in the CGM along individual 
sight lines. Most of the spectra of our selected AGNs are of 
low counting statistics, and only three of them, H1821H-643, 
3C 273, and PKS 2155-304, have sufficiendy high S/N ratios 
to warrant such a search (Figures |2][3] and Table [3]l. Visual 
inspection reveals no convincing X-ray absorption line at the 
redshift of each intervening galaxy along any of these sight 
lines. 

We then search for the X-ray absorption lines produced in 
the CGM of the intervening galaxies from stacked spectra. 

(http://asc.harvard.edu/proposer/PO(j/j for further information. 



TABLE 3 

S/N RATIOS OF AGN SPECTRA AROUND KEY 

LINES. 



Src. Name 



Ne LX O VIII O VII N VU C VI 



HI 82 1+643 


13.1 


9.6 


7.6 


8.1 


3.7 


3C273 


24.2 


16.8 


12.3 


12.9 


6.6 


PG 1116+215 


4.1 


4.1 


3.8 


3.7 


3.5 


PKS 2155-304 


45.3 


37.9 


30.4 


31.0 


21.6 


Ton SI 80 


6.2 


5.4 


3.4 


3.7 


1.6 


PG 1211+143 


5.3 


4.4 


3.3 


3.5 


1.5 


Mrk 766 


5.3 


3.3 


2.4 


2.7 


<1 


H 1426+428 


10.8 


6.3 


4.4 


4.1 


<1 


IH 0414+009 


3.4 


2.0 


<1 


1.1 


<1 


Mrk 509 


5.4 


3.1 


2.1 


2.0 


<1 


IC 4329a 


5.5 


1.9 


<1 


1.3 


<1 


Fairall 9 


4.7 


2.5 


1.4 


1.8 


<1 



Note. — The restframe wavelengths of the Ka transi- 
tions of Ne IX, O VIII, O VII, N VII, and C VI are 13.448 A, 
18.967 A, 21.602 A , 24.781 A, and 33.736 A, respectively 
jVemeretal. 119961) . 



We classify the galaxies into five categories, corresponding 
to galaxies in groups, galaxies with luminosites of L > L*, 
O.IL* <L <L*, L < O.IL*, and all galaxies. We define 
a galaxy group along a sight line as consisting of three or 
more galaxies with line-of-sight velocity differences cAzij < 
1000 kms"', where c is the speed of light and Azij is the 
redshift interval of any two galaxies in the group. Figure |4] 
illustrates the number of galaxies in each category as a func- 
tion of impact distances. We coadd the spectra with respect 
to redshifts of the intervening galaxies (Zgai) in the same cate- 
gory. Redshifts of the CGM absorption lines are expected to 
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Fig. 2. — Four ranges of the final spectrum of 3C 273. Blue lines and labels mark locations of Galactic interstellar medium absorption (see Section 1431 for 
further discussions). Red-shaded regions mark the spectral ranges of the expected highly ionized absorption lines produced in the CGM of intervening galaxies 
in two groups (Figure[T]i); dotted lines mark the corresponding rest-frame wavelengths of these lines. The binsize is 20 mA in all spectra presented in this work. 
See text for details. 
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Fig. 3.— Same as Figure|2] but for PG 1 1 16-^215 sight line. 
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Fig. 4. — The number of galaxies in five impact-distance bins for different 
galaxy categories. The numbers of all galaxies ("All L") in some distance 
bins are less than the sum of the numbers of individual luminosities, which 
reflects the galaxy independent requirement in spectrum coadding. Please see 
text for details. 

be the same as those of the intervening galaxiesQ To properly 
conduct the coadding, along each sight line, we first blueshift 
the AGN spectrum and accordingly squeeze the instrumental 
response file by Zgau the redshift of each intervening galaxy 0, 
and then stack them to form a single spectrum and response 
file for each of the five categories. To assure independence 
each shifted spectrum in coadding, for those galaxies along 
the same sight line and in the same category but at very close 
redshifts that cannot be resolved by Chandra spectral reso- 
lution (e.g., cAzij < 1000 km s"'; we take the resolution of 
1000 km s"' as a conservative value), we use an average red- 
shift z^ defined as 



Zgal 



^sairp 



Eti i/^j, 



,•2 



(1) 



where z'\ and r' are the redshift and the impact distance of 
a galaxy, respectively. For instance, along the 3C 273 sight 
line, galaxies at only two redshifts (Figure [T^) are used to 
form the coadded spectrum of the "galaxies in groups" cate- 
gory. Among the 143 intervening galaxies listed in Table [T] 
only 29 are "independent" in the "all intervening galaxies" 
category (TablelDl. Since the PKS 2155-304 sight fine dom- 
inates the spectral counts of these coadded spectra (Table [3]l, 
to avoid possible bias caused by a single sight line, we also 
obtain another five similar coadded spectra but without con- 
ti-ibution of the PKS 2155-304 sight line. Figures |5]|61 show 
two examples of these coadded spectra. Table |4] summarizes 
the S/N ratios of these coadded spectra around the expected 
X-ray absorption lines and the number of the galaxies and the 
sight lines that these spectra are sampling. 

We measure the absorptions of the CGM from these coad- 
ded spectra. Since all background AGN spectra have been 
shifted by the redshifts Zg^x of the intervening galaxies before 
being coadded, the absorption lines produced in the CGM are 
thus expected to be at the restframe wavelengths of these lines 
in the coadded spectra. Again, visual inspection reveals no 
convincing absorption line in any of these coadded spectra, 

"* The redshift of the putative CGM of a galaxy could be offset from the 
Zgal t>y several hundred km s"' (e.g.. lStocke et al. 2006), whi ch, h owever, is 
unresolvable by current X-ray instruments. Please see Section l4~T] for further 
discussion. 

' Please refer to Yao et al71 j2009hD for procedures of blueshifting a spec- 
trum and the corresponding response file. 



with or without contribution from the PKS 2 155-304 sight line 
(e.g.. Figures |5]|6]l. Adding the Gaussian profiles at the rest- 
frame wavelengths of Ka transitions of Ne ix, O viii, O vii, 
N VII, and C vi, we constrain the 95% upper limits to the 
equivalent widths (EWs) of these absorption lines. Replac- 
ing the Gaussian profiles with our absorption line model ab- 
sline^ and fixing the dispersion velocity to fe = 50 km s~' for 
the absorbing medium, we also obtain the upper limits to the 
corresponding ionic column densities in the CGM, which are 
reported in Table |5] 

4. DISCUSSION 

We have presented a search for X-ray absorption lines of 
the CGM along 12 sight lines. The limited counting statistics 
of the X-ray spectra of the background AGNs usually doesn't 
warrant such a search. To improve the S/N ratios, we have 
stacked the AGN spectra with respect to different group and 
luminosity properties of the intervening galaxies. We do not 
detect any X-ray absorption line in the coadded spectra al- 
though the high S/N ratios enable us to constrain the ionic 
column density to be as low as A^ovii$(l-6-6.3) x 10'"* cm"^ 
(Table |5]l. In the following, we first examine the reliability 
of our results (Section 14.1b and then discuss implications of 
these results for the galaxy feedback (Section|42]l and for the 
origin of the absorption lines at_z_2± routinely detected in 
spectra of many AGNs (Section l43] l. 

4. 1 . Validity of our data analysis procedures 

Here we address two crucial questions regarding to the anal- 
ysis procedures employed in this work: (1) Can our stacking 
restore the line significance if there were X-ray absorptions 
produced in the CGM at various redshifts? (2) Could the ab- 
sorption signal be severely blurred if the CGM absorptions are 
of several hundred km s~' velocity offset from those of galax- 
ies? To answer these questions, we run Monte-Carlo simula- 
tions to obtain detection rates of the LETG for three different 
scenarios. 

First, we simulate the probabilities of detecting an absorp- 
tion line from a single spectrum. Since the LETG collects 
most of the photons for the spectra used in this work (Sec- 
tion |2]i and the S/N ratios of the stacked spectra are 40-50 
around the O vii Ka absorption line (Table |4|i, we use the 
response file of the LETG to simulate spectra with spectral 
counts of 2000 per 20-mA bin around 21.6 A. We then mea- 
sure the significance {EW / /S.EW) of a simulated line for dif- 
ferent input column densities (A^ovii) and a fixed Doppler dis- 
persion velocity of Vb = 50 km s"'. We repeat these simu- 
lations 10,000 times and obtain the 68% and 90% detection 
rates, which describe the probabilities of detecting the O vii 
line at certain significance levels or higher for various A^ovii 
(Figure |7]i. For instance, the simulations indicate that for an 
assumed A^ovii = lO'^ cm"^, the 68% and 90% of the detec- 
tions are at >3.1 a and >2.4 a. 

Second, we check the validity of our shifting and coadding 
procedures. In this scenario, we first simulate a set of ten 
spectra, each with spectral counts of 200 per bin around the 
O VII Ka line. In these ten spectra, the lines, all character- 
ized with the same A^ovii and Vb = 50 km s"', are placed at ten 
redshifts distributed evenly between 0.01 and 0.1, to mimic 
various redshifts of the intervening galaxies. We then use 

^ This model is simi lar to an analysis of the curve of growth. Please refer 
to lYao & Wang 1 420051) for a detailed description. 
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Fig. 5. — Four ranges of the coadded spectrum sampling the intervening galaxies in groups along all sight lines. Model line profiles in blue superimposed on 
the data are the Galactic absorptions contributed mainly from the PKS 2155-304 sight line (please refer to Figure|2); dotted lines and red labels mark positions 
of the expected absorption lines produced in the CGM of these galaxies. 
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Fig. 6. — Four ranges of the coadded spectrum sampling the intervening galaxies with luminosities of O.IL* <L<L* along all sight hnes except for PKS 2155- 
304. Model line profiles in blue superimposed on the data are the Galactic absorptions mainly contributed from the 3C 273 sight line (please refer to Figure[2); 
dotted lines and red labels mark positions of the expected absorption lines produced in the CGM of these galaxies. 
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TABLE 4 
S/N RATIOS OF COADDED SPECTRA AROUND THE Ka TRANSITIONS OF KEY IONS 



No. 


Galaxies 


Sight lines 


NelX 


OVIII 


O VII 


NVII 


C VI 


l" 


10(7) 


6(5) 


86.7(36.9) 


66.2(25.6) 


54.5(19.2) 


55.6(19.4) 


38.6(10.7) 


2" 


6(4) 


4(3) 


68.5(19.5) 


49.9(12.5) 


46.0(13.2) 


39.5(8.5) 


29.6( 4.8) 


3^' 


15(12) 


8(7) 


88.0(38.9) 


67.2(27.9) 


54.8(21.0) 


55.7(21.0) 


38.9(12.1) 


4" 


16(14) 


11(10) 


76.5(41.2) 


58.1(29.0) 


46.4(21.4) 


47.9(22.0) 


32.5(12.0) 


5' 


29(24) 


12(11) 


113.(48.4) 


85.1(34.1) 


72.4(26.9) 


69.2(25.3) 


49.2(14.3) 



Note. — Values in pai'enthesis indicate without contribution from the PKS 2155-304 sight line. 
" Sampling 10(7) intervening galaxies in groups along 6(5) sight lines. 
* Sampling intervening galaxies with L> L*. 
^ Sampling intervening galaxies with 0. IL* <L<L*. 
'' Sampling intervening galaxies with L < 0. IL* . 
" Sampling all intervening galaxies. 



TABLE 5 

The 95% Upper limits to EWs of the expected key lines and the corresponding ionic column densities 



No. 


NelX 
EW log[N(cm-2)] 
(mA) 


OVIII 
EW log[N(cm-2)] 
(mA) 


OVII 

EW log[N(cm-2)] 
(mA) 


NVII 
EW log[N(cm--)] 
(mA) 


CVI 
EW log[N(cm-2)] 
(mA) 


1° 

2" 
3'- 
4" 
5^ 


0.99(2.71) 
0.55(2.11) 
0.87(2.19) 
0.92(2.06) 
0.64(2.17) 


14.99(15.57) 
14.76(15.36) 
14.96(15.35) 
14.92(15.35) 
14.71(15.40) 


0.77(2.55) 
2.56(8.76) 
0.70(3.42) 
1.05(1.81) 
0.96(2.26) 


14.53(15.01) 
14.05(16.29) 
14.41(15.18) 
14.56(15.35) 
14.61(14.98) 


0.41(2.60) 14.25(14.96) 
1.62(3.28) 14.76(15.25) 
0.39(2.50) 14.20(14.86) 
0.69(1.25) 14.51(14.86) 
0.41(1.08) 14.16(14.51) 


0.99(4.78) 14.34(15.04) 
1.18(9.96) 14.41(15.53) 
1.18(4.11) 14.52(14.96) 
0.97(2.32) 14.37(14.66) 
0.74(3.19) 14.20(14.96) 


0.73(6.57) 14.06(14.96) 
1.56(18.8) 14.29(15.67) 
0.67(7.03) 13.93(15.02) 
0.83(3.03) 14.01(14.62) 
0.49(5.27) 13.80(14.87) 



Note. — " ' Measurements are obtained from the spectra, sorted to the same order as listed in Table|4] 
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Fig. 7. — The 68% and 90% possibilities of detecting the O VII Ka ab- 
sorption hne at certain significance levels or higher for various O VII column 
densities. Blue curves indicate the results from individual spectra, each con- 
taining 2000 counts per 20-mA bin around the line. Red curves indicate re- 
sults obtained from shift-coadded spectra, that each contains ten spectra with 
200 counts per bin around the line. Ten absorption lines in the ten spectra 
are at redshifts evenly distributed from 0.01 to 0.1 to mimic various redshifts 
of the intervening galaxies. Green curves indicate the similar results to those 
of red curves, except for that the lines in each set of the ten spectra are of 
random velocity offsets from those intervening galaxies. Please see text for 
details. 

the same procedures as used in the actual data analysis to 
blueshift these spectra by the corresponding redshifts, coadd 
them to form a single spectrum, and then measure the line sig- 
nificance. As in the first scenario, we repeat the whole process 
10,000 times to obtain the 68% and 90% detection rates for 
different A'ovii inputs, which are also presented in Figure|71 It 
is interesting to note that, for a given A'ovii and with the same 
detection possibility, a line in the shift-coadded spectrum is 
expected to be detected at a higher significance level than in 
a single spectrum with a similar S/N ratio. This slightly en- 
hanced significance is caused by the higher spectral resolu- 
tion (A/ AA) of the LETG at longer wavelengths and channel 
rebinning when spectra are blueshifted. This comparison val- 
idates our stacking procedures used in this work. 

Finally, we examine the effect of the possible velocity off- 
sets between the CGM absorptions and the intervening galax- 
ies. We run similar simulations as in the second scenario, ex- 
cept that in each set of ten spectra, the absorption lines have 
random velocity offsets from the redshifts of the intervening 
galaxies. The offset velocities follow a normal distribution 
with a standard dev iation of 200 km s"' from each redshift 
JStocke et al. 1 120061) . Simulations indicate that in the high 
column density end (e.g., log[A'ovii(cm"^)] > 15.4), the detec- 
tion significance, though could be discounted, is still high. In 
the low column density end (e.g., log[A'ovii(cm~^)] < 15.2), to 
which our stacked spectra is approaching, the detection signif- 
icance is not of much differences (Figurel?). In short, velocity 
offsets of several hundred km s"' between intervening galax- 
ies and the surrounding CGM would not significantly blur the 
putative absorption signals in our stacked spectra. 

4.2. Implications for the missing baryon state 

As discussed in Section[T] galaxy feedback could be in var- 
ious forms for galaxies on different mass/luminosity scales 
and at different evolutionary stages. The CGM is expected 
to contain important information about the galaxy feedback 
and could also be a significant baryonic reservoir of indi- 
vidual dark matter halos. Taking A'ovii $ 10'^ cm"^ and as- 
suming that the CGM is uniformly distributed around galax- 



asMcGM<lx(|^)x(^;^V500l^; -iU .«©, 

/ovib A, and R are the ionization fraction of O vii, metal- 
licity, and the radial distance of the CGM, respectively. In 
contrast, the hot CGM is expected to contain >3 x lO" Mq 
baryons for Milk y Way type galaxies and a typical galaxy 
group (McGaugh1 l2008l) . These results thus indicate that the 
bulk of the CGM is unlikely to reside in a chemically enriched 
warm-hot phase (at temperatures ranging from 10^'^ - lO^'"* K) 
where our X-ray absorption line spectroscopy is sensitive. 

Our results, together with existing measurements of various 
species in other wavelength bands, can be used to constrain 
the state and/or extent of the CGM, hence its effect on galaxy 
evolution. One possibility is that the bulk of the baryon mat- 
ter that was initially associated with the dark matter has been 
expelled out to large regions possibly on scales greater than 
individual group halos. Such stratification of baryon matter 
relative to dark matter halos may be a natural result of galactic 
feedback, initia lly via superwinds from starbursts and possi- 
bly AGNs (e.g.. lMo & Mao et al. II2004I) and later maintained 
by relatively gentle, but long-lasting energy injection from 
contin uing star formatio n and by evolved stars (e.g.. Type la 
SNe; Tang et ani2009al) . The exact physical/chemical state 
and extent of the stratified region is still uncertain, depending 
on the efficiency of the energy outputs from the starbursts and 
the star formation history as well as the environment of the 
galaxies. 

While in this work the intervening galaxies are located at 
projected impact distances of 100-500 kpc along the selected 
sight lines (e.g., Figure[T]), the "associated" Lya and O vi ab- 
sorbers have also been detected at similar distances aroun d 
galaxies (e.g.. IStocke 61X1120061 IWakker & Savage 1 120091) . 
The gas traced by O vi absorbers {T ~ 10^^-10^^ K, if col- 
lisionally ionized) can account for up to 10% of the baryon 
mass associated with individual dark matter halos in the 
prese nt Universe (Tripp & Sa vage 2000; Danforth & Shull] 
l2008t IWakker & Savage 1 12()()9 ). But recent work indicates 
that a large fraction of the O vi absorbe rs could be due to 
photoionization of cool gas clouds (e.g., iTripp et an r2008). 
Therefore, for a remaining component to account for the miss- 
ing baryons, its temperatures must be too high (e.g., > lO*""* 
K) and/or its metal abudance is too low (< O.IAq) to avoid 
the detection in X-ray absorption lines. 

While the metal abundance of the CGM is hardly con- 
strained, the commonly accepted value is about 0.2 Aq, 
as indicated by a few measurements of cool high-velocity 
clouds (» 10"^ K) around the Galaxy (e.g.. Lu et anil994t 
ITripp et all 120031: IShuU et al. I 2009) and bv the m odeling 
of quasar absorption Unes (e.g., iKeenev et al. Il2005h . How- 
ever, some studies have found circumgalact ic material with 
substantially high er metallicities (e.g., Jenk ins et al. 1 12005) : 
lAracil et al. II200 6j. One may expect that the hot component 
would also have higher metal abundances, as indicated by 
measurements for the medium in nu merous galaxy clusters 
and a few well-observe d groups (e.g.. lDe Grandi & Molendin 
I200!tl^attetaril2007h . 

A high temperature and low density CGM component is 
predicted in numerical simulations, particularly for the evo- 
lution of M ilky Way type galaxies and group environments 
JTang et al. i.2009a; .Kim et al. ..2009 ). The high temperature 
is also consistent with observations of the large-scale hot in- 
tragroup medium, which seems to be concentrated around 
galaxies and is always at temperatures higher than ^ 10*''* K 
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dSun et al. II2009I) . A significant portion of the CGM may be 
in the hot phase hiding from our detection; the gas is too hot to 
produce detectable neon, oxygen, nitrogen, or carbon absorp- 
tion fines. Tfie observed O vi absorptions can arise from ei- 
tfier pfioto-ionization of embedded cool clouds or collisional 
ionization at tfieir interf aces witfi tfie fiot components (e.g., 
IWakker & Savage Il2009t) . How well tfie fiot CGM is mixed 
witfi tfie cool clouds and tfie relative fractions of tfie CGM in 
tfie two pfiases likely depend on botfi tfie masses of individual 
galaxies and tfie ricfiness of tfie environment. 

Altfiougfi our present investigation cannot constrain tfie 
CGM on scales of < 100 kpc around galaxies, our recent 
studies of tfie Galactic fialo/CGM suggest tfiat tfie observed 
O VII absorption arises primarily in regi ons around tfie Galac - 
tic disk/bulge on scales of < 10 kpc dYao et al. Il2008ll2009a b. 
Additional constraints fi ave been disc ussed in a more recent 
work by lAnderson & Bregman I (1201 0). wfio conclude tfiat tfie 
fiot gas cannot explain tfie missing baryon matter on galactic 
fialo scales. Tfiis conclusion complements tfie constraints ob- 
tained in tfiis paper primarily on larger scales. 

Properties of tfie CGM could vary from one galaxy to an- 
otfier. Tfiis variation may fiave been revealed by tfie different 
column densiti es and tfie non-unit c overing factor of tfie O vi 
absorbers (e.g., [StockeeFal. 2006: Wakker & Sav age 2009). 
In tfiis work, we group galaxies witfi respect to different lu- 
minosities. Tfie upper limits to tfie column densities of tfie 
X-ray absorbers and to tfie total mass of tfie CGM tfius sfiould 
be regarded as average values for tfiese galaxies. 

In sfiort, we find little evidence for tfie warm-fiot gas in tfie 
temperature range of a few times 10^-10^ K to account for a 
significant fraction of tfie missing baryons in tfie vicinity of 
galaxies. Tfie bulk of tfie CGM likely exists in cool clouds 
(e.g.. lWakker & Savage ,.2009.) or in a fiot gas (T > lO''^ K). 



4.3. Implication for absorption lines at Z — 

Tfie results presented fiere also fiave strong implication for 
tfie origin of absorption lines at z ~ as demonstrated in 
Figure 111 Higfily ionized absorption lines at z ~ 0, in par- 
ticular tfie O VII Ka at 21.602 A, fiave been observed in all 



AGN spectra a s long as the spectra fiave sufficiently fiigfi 
S/N ratios (e.g.. lFang et al. Il2006t iBregman & Llovd-Davies I 
i2007i) . The plausible locations of these absorbers include the 
hot interstellar medium (ISM) around the Galactic disk (e.g., 
'Yao&Wang' 2005, 2007; Yao et al. 2008, 2009a), the large- 
scale Galacticjialoje.g., Rasmussen et al. 2003; Fang et aU 
120061; iBregman & Llo vd-Davies 2007), and intr a-group gas 
in the Local Group (e.g., Nicas tro et al. .2002, ; , Williams et al. I 
l2005h . Tfiere are no clear boundaries between tfie Galac- 
tic disk and tfie Galactic fialo and between tfie Galactic fialo 
and tfie intra-group gas, but tfie scale sizes of tfiem are ex- 
pected to be several kpc, '^lO-lOO kpc, and ^100-1000 kpc, 
respectively. Tfiis work probes tfie CGM located between tfie 
Galactic fialo and intra-group gas. Since tfie selected inter- 
vening galaxies fiave impact distances of 100-500 kpc, our 
sigfit lines do not sample mucfi of galactic disks and fialos. 
If tfie absorption lines at z ~ are mainly produced in tfie 
intra-group gas, similar lines are also expected for interven- 
ing galaxy groups (e.g.. Figures [T^). However, we only ob- 
tain tigfitly constrained upper limits to tfie ionic column densi- 
ties, in particular A'ovii < 10'^ cm"^ (tfie first row of Table|5]), 
wfiicfi, compare d to tfie z ^ absorption A^ovii — 10'^ cm"^ 
(e.g., Wifiiams et al. 11200511200 7). indicate tfiat tfie contribu- 
tion of tfie intra-group gas, if it exists at all, must be < 10%. 
Tfiis conclusion is consistent witfi tfie constraint obtained 
by co mparing tfie X-ray absorption witfi emi ssion measure- 
ments dFang et al. 1 120061; lYao & Wang 1 120071) and witfi tfie 
non-detection of tfie expected spatial prefer ences of tfie gas 
along tfie Local Group geometry (Bregman & Llovd-Davies I 
I2007h . as well as witfi tfie differential absorption line spec- 
troscopy bas ed on different deptfis of sigfit lines dYao et al. I 
I2OOII2OO9I . 
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